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Abstract:

This report summarizes exploratory work conducted to assess the feasibility of
ferromagnetic/ferroelectric films for next-generation microwave devices. From literature review,
it is established that while an increasing number of ferroelectric/ferromagnetic composites are
being investigated, a number have transition temperatures that are too low and structures that are
not robust enough for low cost, room temperature antenna arrays. On the other hand, several
promising systems are identified, including the multiferroic BiFeO; and a composite system of
Ba/SrTi0; and a related perovskite manganite. It is suggested that when the NASA pulsed laser
deposition chamber is fully operational, thin films of these systems be investigated. In
preparation for such work, we have reconfirmed several structural features of an existing
Ba/SrTiO; film using the x-ray diffractometer at Oberlin College.




1) Introduction and Outline:

Ferroelectric materials are used in a variety of applications, including nonvolatile
memories [1] and microwave frequency devices [2]. In the case of memory devices, the
hysteretic character of the polarization with applied electric field is used to store data in the form
of two different polarization directions, analogous to the situation for ferromagnetic materials. In
the case of microwave-related devices, the ferroelectric material’s dielectric constant is tuned by
an applied electric field to achieve phase shifting of a microwave signal. Work conducted by Dr.
Robert Romanofsky at NASA Glenn has demonstrated that it is feasible to make high quality
phased array antennas using the ferroelectric Ba,Sr,.,TiO; for phase shifters [3]. While these
arrays have significant advantages over other technologies in considering power handling and
cost issues, there are important limitations based on the particular characteristics (such as the
impedance or optimal bias voltage) associated with the chosen ferroelectric material. Thus, it is
likely that next generation devices will need to incorporate additional technologies.

Another class of materials already in use for microwave applications is the group of
oxides known as ferrites [4]. In this case, the material is controlled through the use of a magnetic
field as opposed to an electric one. Magnetic materials, in general, have become the subject of
much attention for storage and data communication devices [5].

In light of this background, we have been interested in exploring the possibility of
integrated ferroelectric and ferromagnetic materials for microwave applications. In such
composite materials, we could potentially use both electric and magnetic fields to tailor the phase
shifting in antenna arrays, while minimizing losses. While historically little work has been done
on materials that are both ferroelectric and ferromagnetic, there is now a growing interest in such
systems which have been termed “multiferroic” [6].

In this study, we review recent results for three classes of multiferroic materials:
intrinsically ferromagnetic and ferroelectric ones, described in section 2), extrinsically coupled
materials, consisting of separate ferromagnetic and ferroelectric entities, described in section 3),
and extrinsically uncoupled materials in which the ferromagnetic and ferroelectric compounds do
not interact directly, described in section 4). The most promising materials and systems are
identified for future experimental work, in anticipation of a pulsed laser deposition chamber to be
upgraded at NASA. In advance of that work, as described in section 5), structural
characterization of an existing film of Ba/SrTiO; has been conducted at Oberlin College to test
the suitability of equipment here. Section 6) summarizes the main conclusions of this feasibility
study.

2) Intrinsic multiferroic materials:

Intrinsic multiferroic materials are ones in which both ferroelectricity and
ferromagnetism (or some type of long range magnetic order) co-exist in the same compound.
They are very attractive materials for potential microwave applications, in part due to their
simplicity in processing. A single material is responsible for both the electrical and magnetic
features, and the coupling between the two is intrinsically controlled by the structure. In
comparison to the case of composite systems (described in section 3), there are fewer concerns
about controlling the interfaces and minimizing sample inhomogeneities to maintain coupling.

On the other hand, this “all-in one” approach to multiferroism has certain disadvantages.
As discussed in a recent review [7], there are relatively few compounds that exhibit both
ferroelectricity and ferromagnetism. To support the nonzero polarization, the material must have
a noncentrosymmetric crystal structure and must be insulating (at least enough to maintain the
polarization). For the magnetic properties, the material must contain either 3d elements such as
Fe, Co, Ni, or Mn or rare earth elements such as Ce and the like. This latter constraint is believed
to be primarily responsible for the small numbers of multiferroic compounds: while the 3d
elements are important from a magnetic standpoint, occupancy of the 3d levels can destabilize
ferroelectricity as it can make a different type of structural distortion (namely a Jahn-Teller one)
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more favorable energetically than leaving an off center atom displacement to yield the
polarization.

Nevertheless, the innate attractive feature of a single material with both ferroelectric and
magnetic properties has led to a significant amount of research in this area in the past few years.
Table 1 (at the end) includes information on a variety of mulitiferroics, listing in particular
transition temperatures and references.

As is evident from the table, the vast majority of multiferroics of current interest are
variants of perovskite oxide structures. While some of the materials, like the RMn,O5
compounds, have transition temperatures far too low for practical applications [18-19], there are
several that show promise for devices. In particular, both BiMnO; and BiFeOs have been actively
investigated for the magnetoelectric effects that can be quite significant. Specifically for
BiMnO;, the ability to write data with different polarization states has been demonstrated recently
[14]). BiFeO; has been shown to have a dE/dH coefficient as high as 3V/cm-Oe [8], although in
a quasi-static setup. The iron version is also attractive due to its tunability with doping [10-11].
Furthermore, some of its undoped dielectric properties (including € of ~ 100, tan & of ~0.04) are
comparable to those of the existing technology based on Ba/StTiOs [9].

Recommendation #1: Given these features and the general difficulty in finding
intrinsically multiferroic materials, it is suggested that further work be done to explore the
possible use of BiFeO, thin films as the most promising of existing multiferroic compounds.

3) Extrinsically coupled multiferroic materials:

As described above, few materials show intrinsically both ferroelectric and magnetic
properties. However, it is possible to extrinsically couple ferroelectricity and ferromagnetism via
structural effects. In particular, one can generate a magnetoelectric effect by combining a
magnetostrictive material with a piezoelastic one in the following way. In a magnetostrictive
material, an applied magnetic field induces length changes. These changes, if passed on to the
piezoelectric material, then result in a change in the (electric) polarization. One can also run the
effect the other way: by applying an electric field, one can induce structural changes in the
piezoelastic material which are transferred to the magnetostrictive material, resulting in a
difference in the magnetization. Note this is a so-called “product property” in that neither
constituent is magnetoelectric, but that the two together create via structural effects a new
property. To estimate the coupling size, Bichurin et al have made a phenomenological model of
the relevant susceptibilities using bulk magnetostrictive and piezoelastic coefficients [21].

In recent years, a significant amount of experimental research has been conducted to
investigate and maximize this magnetoelectric coupling in composites of ferromagnetic and
ferroelectric materials. In the vast majority of the work, the ferroelectric component has been
either PbZr,Ti,.,0; (PZT) or Ba,.,Sr, TiO; (BST), two very well studied ferroelectric compounds.
A variety of ferromagnetic materials have been chosen, as listed in Table 2. Note that the rare
earth iron alloys have among the highest magnetostrictive coefficients of any material. In
principle, they should thus be useful for creating composites with high magnetoelectric coupling.
However, in order to do so, there must be a good interfacial match between the magnetostrictive
component and the piezoelastic one-else the high magnetostriction does not translate to the
ferroelectric material. This has been difficult to achieve due to the very different nature of the
metallic alloys vs. the PZT or BST oxides; progress has been made by incorporating a polymer
binder as an intermediary [22]. In considering microwave applications, this system now has the
added complexity of being three phase, along with the difficulties associated with the metallic
character of the ferromagnetic phase.

A more promising approach has been based on either ferrites or manganites [23-32].
While their magnetostrictive coefficients are not nearly as high as those of Terfenol and related
materials, they are large with respect to other oxide systems. In the special case of the
manganites, the magnetostriction is often closely associated with the unusual structural phase




transitions that predominate in the class of colossal magnetoresistive materials. For both sets of
magnetic oxides, particularly the manganites, an important feature is the relatively good structural
match to PZT and/or BST and better electrical properties in comparison to metallic alloys.

In studies to date, however, it is quite clear that one must have very good control of the
FE/FM interface to maximize the magnetoelectric coupling. Even for the ferrites, leakage current
and cracking issues have reduced observed coupling values below the predicted ones. For the
manganites, issues in interdiffusion in pressed bulk films have been responsible for the coupling
reduction [27].

As a result of such concems, a growing body of work has been conducted on more
carefully engineered films [28-31] or nanostructures [26, 32] of ferroelectric and ferromagnetic
materials. While the initial emphasis of most of this work has been on the impact of the
ferroelectric on the ferromagnetic properties, it should be possible to investigate the reverse,
particularly for microwave use.

The proposed development of ferromagnetic films capabilities at NASA with a pulsed
laser deposition system makes this idea especially attractive. Since pulsed laser deposition is a
well-established technique to create films of high quality, it should be possible to improve the
magnetoelectric coupling over that observed in work with powdered composites or compressed
thick films for microwave applications.

Recommendation #2: In order to maximize the potential gain achieved by better
interfacial control, it is suggested that work focus on the manganites in connection with
Ba/SrTiO; since those materials have the most structural similarities. La, ,Sr,MnO,
(LSMO) is particularly attractive due to its higher predicted coupling values over other
manganites like La, ,Ca,MnO, or Pr,,Ca,MnO; [27, 31].

4) Extrinsically uncoupled ferroelectric and ferromagnetic materials:

To this point, this study has focused on materials in which ferroelectric and ferromagnetic
properties are either intrinsically or extrinsically coupled, such that we can envision tuning the
ferroelectric properties with not only an electric field as is standard but also with a magnetic one.

However, some advantages for microwave applications can also be achieved assuming
NO coupling between the two materials and perhaps explicitly separate control might be better.
In using a ferroelectric material as a phase shifter, one issue that leads to loss is the change in the
associated impedance (Z) as a result of changes in the electric field (to shift the phase). To get
around this loss, it has been suggested that if one could at the same time as changing the
capacitance (or permittivity) with a ferroelectric material, change the inductance (or permeability)
with a ferromagnetic one, one could keep the impedance matched, hence minimizing insertion
loss [33-36].

Several experiments have been conducted along these lines to demonstrate aspects of the
feasibility of such an approach [33-36]. In the case of [36], which is the furthest along, it has
been shown that by combining Ba/SrTiO; used in the traditional way as a ferroelectric phase
shifter and La/SrMnQ; used as ferrite materials typically are, one can increase the tunability and
reduce the variation in Z in comparison to just using Ba/SrTiO;. However, there is an important
disadvantage to this approach, in that there is a significant amount of patterning that must be
done, with regards to the manganite material (as it is used as an inductor). Hence, one of the
main advantages of using a ferroelectric material—its simplicity in fabrication—has been
removed. In other experiments, the ferromagnetic component has not been patterned [33-35], but
it is less clear what the end result is in terms of overall structure performance (effect on Z, etc.)

Recommendation #3: Given these issues, it would be of significant interest to
determine the Z in relatively unpatterned structures-with better ease of use. Note that this
in some respects can be considered an extension of work on extrinsically coupled
ferroelectric/ferromagnetic films as described in section 3) on LSMO/BST films. By
varying growth conditions, the interfaces between the two can be modified, resulting in
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differences in coupling. Such experiments would allow us to assess whether high coupling
(and a more all-in-one approach to tuning) is more effective than essentially separate
components.

5) Assessment of Oberlin College equipment for materials characterization:
Structural characterization:

In preparation for further experimental research regarding ferroelectric/ferromagnetic
materials, we have also conducted some structural measurements using a Philips MPD-3040
powder x-ray diffractometer and a Sloan Dektak II profilometer, both at Oberlin College. We
have found that the equipment are adequate to provide basic characterization, although currently
not capable of further detail.

Specifically, work focused on a portion of a wafer of Ba/SrTiO;, which had already been
characterized previously in conjunction with a large study of ferroelectric film quality for
microwave applications [3]. In that work, for wafer #3, the lattice constant perpendicular to the
film plane was found to be 3.960 A at the center and 3.965 A at the film edge, with a full width at
half maximum (FWHM) of ~0.1° at the (002) peak. An in-plane lattice constant was also
determined by diffraction. Ellipsometry was used to measure a film thickness varying from
~3300 A (1/4” from the edge) to 3700 A (at the center).

With the powder diffractometer at Oberlin, eleven different scans were taken at seven
different positions on a quarter of wafer #3 (as identified in reference [3]) to measure features
perpendicular to the plane of the film, as the in-plane feature can not be scanned with this
configuration.

Based on only the (002) peak, lattice parameters for the film were calculated at different
locations, with values of 3.960 A at the center and 3.965 A at the edge, in excellent agreement
with previous results. However, this agreement is also somewhat fortuitous; repeated
measurements of the same position revealed an associated uncertainty on the order of that
difference. Overall, considering all three (001) reflections for the film (in the range of 10-70° in
20) and the different positions on the wafer, an average value of 3.958 A was obtained with an
uncertainty of ~ 0.002 A. It is most likely not possible to distinguish amongst different values
throughout wafer, either because the spot size of the x-ray beam might not have been sufficient to
constrain it-or the differences might have been simply too small.

The FWHM for the (002) peak was found to be ~0.15°, slightly above the reported value
of ~0.1°. The discrepancy might stem from some issues associated with the cleavages. It was
found that scans at the cut edges were sometimes distorted, partly due to a geometry issue in the
measurement of the wafer.

To determine the thickness of the film, we used a Sloan Dektak II profilometer to
measure the step at the edge of the film as opposed to doing an ellipsometry experiment. We
obtained a value of ~7500 A, which is significantly larger than the 3500 A from ellipsometry.
Note that any overlayers and any shimming on the edges of the substrate would have increased
our thickness values from the ellipsometry value. Hence, it is difficult to assess how useful the
profilometry method might be. Nevertheless, as it is very quick, it might be of import in gross
characterization of film quality.

To obtain further information about the film such as its interfacial roughness, we have
begun to look into x-ray diffraction measurements at low angle. X-ray reflectivity is now a well-
established method to get information about film thickness, surface roughness, and compositional
differences [37]. In order to obtain high quality reflectivity data, however, it is necessary to pay
close attention to alignment issues as well as geometrical factors [38). Additional stages have
been purchased to facilitate a better sample positioning. A test multilayer sample from Philips
has been used to investigate reflectivity on the powder diffractometer. A new upgrade to the
software has been installed to augment the analysis capabilities. In principle, it will allow for a
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better characterization of interfacial quality—a particularly important feature, given the previous
discussions on the impact on magnetoelectric coupling.
Magnetic characterization:

In examining the existing literature for multiferroics, we can see a range in the magnetic
properties associated with the materials. We note that while some clearly require very low
temperature and high sensitivity such as in the case of investigating RMn,Os materials [15], a
significant number can be studied with less precision [cf. for instance, ref. 8, 22, 35]. At Oberlin,
we have a Lakeshore VSM with a sensitivity of ~ 10~ emu and a temperature range from 4-1273
K. This should be adequate to investigate the proposed materials.

6) Summary:

In summary, materials with both ferroelectric and ferromagnetic properties do appear to
be promising for enhanced microwave devices. It is suggested that further work be conducted
with the multiferroic BiFeQ; as well as with thin films of the ferroelectric BaSr/TiO; combined
with the ferromagnetic La/SrMnO; manganite perovskite.

Existing equipment at Oberlin College should be sufficient to provide some good insight
into basic structural and magnetic properties. In addition, the improved sample stage and
software tested in the last months of this grant should enhance the structural characterization of
interfacial quality-a feature that may be critical for this work, due to its effect on magnetoelectric -
coupling.

7) References:

[1] L. Geppert, “The new indelible memories,” IEEE Spectrum 40, 48 (2003).

[2] F.A. Miranda et al., “Ferroelectric thin films-based technology for frequency and phase-agile
microwave communication applications,” Integr. Ferroelectr. 42, 131 (2002).

[3] R.R. Romanofsky et al., “A statistical analysis of laser ablated Bag sSr, sTiOs/LaAlO; films for
microwave applications,” Mat. Res. Soc. Symp. Proc. 720, 111 (2002) as well as R.R.
Romanofsky et al., “Self-modulating phased array for satellite communications,” SRF-DDF
Proposal, NASA GRC, October 8, 2002.

[4] see for instance, the classic text: J. Smit and H.P.J. Wijn, Ferrites, physical properties of
Serrimagnetic oxides in relation to their technical applications, Wiley, New York, 1959.

[5] See for instance, P. Grunberg, “Layered magnetic structures: facts, figures, future,” J. Phys.
Cond. Matt. 13, 7691 (2001).

[6] H. Schmid, “On the possibility of ferromagnetic, antiferromagnetic, ferroelectric, and
ferroelastic domain reorientations in magnetic and electric fields,” Ferroelectrics 221, 9 (1999);
H. Schmid, “Multiferroic magnetoelectronics,” Ferroelectrics 162, 317 (1994).

[7]1 N.A. Hill, “Why are there so few magnetic ferroelectrics,” J. Phys. Chem. B 104, 6694
(2000).

[8] J. Wang et al., “Epitaxial BiFeO, multiferroic thin film heterostructures,” Science 299, 1719
(2003).

[9]1 K.Y. Yun et al., “Structural and multiferroic properties of BiFeO, thin films at room
temperature,” J. Appl. Phys. 96, 3399 (2004).

[10] K. Ueda et al., “Coexistence of ferroelectricity and ferromagnetism in BiFeO,-BaTiO, thin
films at room temperature,” Appl. Phys. Lett. 15, 555 (1999).

[11] V.R. Palkar et al., “Observation of room temperature magnetoelectric coupling in pulsed
laser deposited Big,sTbg3Lao ;FeO; thin films,” Appl. Phys. Lett. 84, 2856 (2004).

[12] T. Kimura et al., “Magnetocapacitance effect in multiferroic BiMnO,,” Phys. Rev. B 67,
180401 (2003).

[13] A. Sharan et al., “Bismuth manganite: a multiferroic with a large nonlinear optical response,”
Phys. Rev. B 69, 214109 (2004).




[14]1 1.Y. Son et al., “Writing polarization bits on the multiferroic BiMnO, thin film using Kelvin
probe force microscope,” Appl. Phys. Lett. 84,4971 (2004).

[15] T. Lottermoser, “Magnetic phase control by an electric field,” Nature 430, 541 (2004).

[16] N. Lampis, “Electronic structure of PbFe,,Ta;,0;:Crystallographic ordering and magnetic
properties,” Phys. Rev. B 69, 064412 (2004).

[17] V.V. Bhat, “Tuning the multiferroic properties of Pb(Fe;;Nb,,)O; by cationic substitution,”
J. Magn. Magn. Matl. 280, 221 (2004).

[18] E. Golovenchits and V. Sanina, “Magnetic and magnetoelectric dynamics in RMn,Os (R=Gd
and Eu), J. Phys. Cond. Matt. 16, 4325 (2004).

[19] N. Hur et al., “Electric polarization reversal and memory in a multiferroic material induced
by magnetic fields,” Nature 429, 392 (2004).

[20] L. Zhou et al., “Structure and ferroelectric properties of ferroelectromagnetic YMnO; thin
films prepared by pulsed laser deposition,” Phys. Stat. Sol. A 201, 497 (2004).

[21] MLI. Bichurin et al, “Magnetic and magnetoelectric susceptibilities of a
ferroelectric/ferromagnetic composite at microwave frequencies,” Phys. Rev. B 66, 134404
(2002).

[22] N. Cai et al., “Dielectric ferroelectric, magnetic, and magnetoelectric properties of
multiferroic laminated composites,” Phys. Rev. B 68, 224103 (2003); N. Cai et al., “Large high
frequency magnetoelectric response in laminated composites of piezoelectric ceramics, rare-earth
iron alloys and polymer,” Appl. Phys. Lett. 84, 3516 (2004).

[23] J. Zhai et al., “Coupled magnetodielectric properties of laminated PbZr, 53Tio.4703/NiFe,0,
ceramics,” J. Appl. Phys. 95 5685 (2002).

[24] M. Bichurin et al., “Resonance magnetoelectric effects in layered magnetostrictive-
piezoelectric composites,” Phys. Rev. B 68, 132408 (2003).

[25] Y.R. Dai et al., “Internal friction study on CuFe,04/PbZr, 5;Ti.7O; composites,” J. Appl.
Phys. 96, 5687 (2004).

[26] H. Zheng et al., “Multiferroic BaTiO;-CoFe,0, nanostructures,” Science 303, 661 (2004).
[27] G. Srinivasan et al., “Magnetoelectric effects in bilayers and multilayers of magnetostrictive
and piezoelectric perovskite oxides,” Phys. Rev. B 65, 134402 (2002).

[28] X. Hong et al., “Ferroelectric field induced tuning of magnetism in the colossal
magnetoresistive oxide La, ,Sr,MnQOs,” Phys. Rev. B 68, 134415 (2003).

[29] T. Kanki et al., “Electrical field control of metal-insulator transition at room temperature in
Pb(Zr,,Tiy 3)Os/La,.xBa,MnQ; field effect transistor,” Appl. Phys. Lett. 83, 4860 (2003).

[30] H. Tabata et al., “Formation of ferromagnetic/ferroelectric superlattices by a laser MBE and
their electric and magnetic properties,” Mat. Res. Symp. Proc. 494, 201 (1998).

[31] P. Murugavel et al., “Tailoring of ferromagnetic ProssCao ;sMnOy/ferroclectric Bag ¢Sro.4TiO;5
superlattices for multiferroic properties,” Appl. Phys. Lett. 85, 4424 (2004).

[32] Y.N. Kim et al., “Preparation of ferromagnetic and ferroelectric nanocomposites using the
colloidal templating method,” Solid State Comm. 128, 339 (2003).

[33] Q.X. Jia et al., “Integration of nonlinear dielectric barium strontium titanate with
polycrystalline yttrium iron garnet,” Appl. Phys. Lett. 74, 1564 (1999).

[34] S. Hongstu et al., “Preparation of all-oxide ferromagnetic/ferroelectric/superconducting
heterostructures for advanced microwave applications,” Supercond. Sci. Technol. 12, 836 (1999).
[35] J.Y. Kim et al., “Magnetically and electrically tunable devices using
ferromagnetic/ferroelectric ceramics,” Phys. Stat. Sol. B 241, 1714 (2004).

[36] EJ. Yun and C.I. Cheon, “High frequency tunable LC devices with
ferroelectric/ferromagnetic thin film heterostructure,” Phys. Stat. Sol. B 241, 1625 (2004).

[37] E. Chason and T.M. Mayer, “Thin film and surface characterization by specular x-ray
reflectivity,” Crit. Rev. Solid State and Mat. Sci. 22, 1 (1997).

[38] A. Gibaud et al., “ The correction of geometrical factors in the analysis of x-ray
reflectivity,” Acta Cryst. A 49, 642 (1993).




Table 1: Multiferroics of current interest

Compound Ferroelectric T, in K Magnetic T, or T, Reference #
BiFeO; 1103 643 (canted AFM) 8-11
BiMnO, 450, 750 (true transition) 100 (FM) 12-14
HoMnO, 875 75 (AFM), 4 (FM) 15

Pb(Ta sFeys)0, 220-270 133-180 (AFM) 16
Pb(Nby.sFeos)Os | 380 150, 9 (AFM) 17

(Tb, Gd, Eu) 30’s 20-40 (AFM) 18-19
Mn205

YMnO, 570-990 70-130 (AFM) 20

Table 2: Ferromagnetic materials of current interest in extrinsically coupled systems.

Class Examples Magnetostriction, ppm* References

Terbium Terfenol, TbFe, ~ 1000-2000 22

alloys Terfenol-D, Tb, ,Dy,Fe,

Ferrites MFe,0,, M=Ni, Co, Li, Cu ~20-40 23-26
Y;FesOy,

Manganites | La;Sr,MnQO, <20-30 27-32
La..xCa,MnOg
P!']_xcaanO3

* Actual value depends on orientation, temperature, etc...




